Aflatoxins are polyketide-derived secondary metabolites produced by the fungi AspergiUus flavus and AspergiUus parasiticus. Among the catalytic steps in the aflatoxin biosynthetic pathway, the conversion of sterigmatocystin to O-methylsterigmatocystin and the conversion of dihydrosterigmatocystin to dihydro-Omethylsterigmatocystin are catalyzed by an S-adenosylmethionine-dependent O-methyltransferase. A cDNA library was constructed by using RNA isolated from a 24-h-old culture of wild-type A. parasiticus SRRC 143 and was screened by using polyclonal antiserum raised against a purified 40-kDa O-methyltransferase protein.
mature enzyme from A. parasiticus SRRC 163 showed that 19 of 22 amino acid residues were identical to the amino acid residues in an internal region of the deduced amino acid sequence of the mature protein. The 1,460-bp omt-l cDNA was cloned into an Escherichia coli expression system; a Western blot (immunoblot) analysis of crude extracts from this expression system revealed a 51-kDa fusion protein (fused with a 5-kDa 13 -galactosidase N-terminal fragment). Furthermore, enzymatic activity assays of the E. coli crude extracts showed that sterigmatocystin was converted to O-methylsterigmatocystin in the presence of S-adenosylmethionine. A 1.5-kb omt-l gene transcript was detected by Northern (RNA) blot analysis in total RNAs isolated from submerged A. parasiticus cultures grown in a medium which induces aflatoxin B1 production that were 24, 48, 72 , and 96 h old but not in RNA from a culture that was 18 h old. Transcript accumulation correlated well with the increased rate of aflatoxin accumulation in these cultures. A comparison of the predicted amino acid sequence of O-methyltransferase with previously described sequences revealed a proposed S-adenosylmethionine-binding site motif found in other S-adenosylmethionine-dependent methyltransferases.
Aflatoxins B1 and B2 ( Fig. 1 ) are secondary metabolites produced by the filamentous fungi Aspergillus flavus Link and Aspergillus parasiticus Speare, which infect corn, cotton, peanuts, and tree nuts. These compounds are known to be toxic and carcinogenic to animals and present a potential threat to the health of humans (11, 15, 20) . In order to devise strategies for reducing or eliminating aflatoxin contamination from food and feed, extensive biochemical and genetic studies have been conducted by many researchers to better understand the molecular regulation of aflatoxin biosynthesis (for reviews, see references 4, 15, and 21). The initial step of the biosynthetic pathway of aflatoxin originating from a polyketide precursor is the condensation of acetate units to form norsolorinic acid (for reviews, see references 15 and 17) . The accepted pathway of aflatoxin B1 biosynthesis is: norsolorinic acid--averantin-averufanin--averufin--hydroxyversicolorone--versiconal hemiacetal acetate-versicolorin B-versicolorin A-demethylsterigmatocystin--* sterigmatocystin (ST)-O-methylsterigmatocystin (OMST) --aflatoxin B1. It has now been established that aflatoxin B2 is synthesized by a separate pathway branching from versi-* Corresponding author. conal hemiacetal acetate: versiconal hemiacetal acetate-) versicolorin B-dihydrodemethylsterigmatocystin--dihydrosterigmatocystin (DHST)--dihydro-O-methylsterigmatocystin (DHOMST)--aflatoxin B2 (6, 27, 33, 34) . It is estimated that at least 16 enzymes are involved in the bioconversion of norsolorinic acid to aflatoxins (for reviews, see references 6 and 17); some of these enzymes have been identified and purified (5, 8, 12, 19, 22, 24, 33, 35, 36) , but only a few have been purified to homogeneity (8, 22, 24) . In the latter stages of aflatoxin B1 biosynthesis and B2 biosynthesis ( Fig. 1) , the conversion of ST to OMST and the conversion of DHST to DHOMST were found to be catalyzed by an O-methyltransferase (OMT) (3, 13, 16, 35) . The OMT activity that converted ST to OMST was shown to be catalyzed by two proteins having different sizes and ionic properties (5, 8) . Recently, an S-adenosylmethionine (SAM)-dependent OMT (approximate molecular weight, 40,000) that catalyzes the conversion of ST to OMST and the conversion of DHST to DHOMST was purified and characterized in our laboratory, and the primary amino acid sequence of the N terminus of this protein was determined (22) . The two methyltransferases (168 and 40 kDa) exhibit no biochemical similarity to each other except that they catalyze the same reaction (22) . The goal ot this study was to isolate a cDNA that encodes OMT-1 from A. parasiticus SRRC 143. In this paper we describe the isolation of the 1,460-bp full-length cDNA sequence of the omt-1 gene which encodes the 46-kDa native OMT-1 and the characterization of the enzymatic activity of OMT-1 encoded by this cDNA clone in vitro.
MATERIALS AND METHODS
Fungal strains and culture conditions. Wild-type A. parasiticus SRRC 143 was grown in the dark on potato dextrose agar (Difco Laboratories, Detroit, Mich.) plates for 7 days at 29°C. A 1.0-ml spore suspension (108 spores per ml) prepared from these cultures was transfered to a 2.8-liter Fernbach flask containing 1 liter of A & M growth medium (1) containing sucrose instead of glucose. Peptone-mineral salts medium contained 60 g of peptone instead of sucrose in A & M growth medium. Cultures were incubated on a rotary shaker (150 rpm) at 29°C. The mycelia were harvested by vacuum filtration through Miracloth and were frozen immediately in liquid nitrogen.
Aflatoxin concentrations in culture filtrates. Aflatoxin B1 concentrations in culture filtrates were determined by thinlayer chromatography (TLC) of methylene chloride phases obtained following methylene chloride extraction of culture filtrates as described previously (16) .
Bacterial and phage strains used. Escherichia coli PLK-F' was used as the host strain for lambda infection, and E. coli XL1-Blue was used for in vivo excision of plasmid pBluescript SK-from the Uni-ZAP XR vector arms in the presence of fl helper phage (R408).
Chemicals and enzymes. Unless indicated otherwise, chemicals were purchased from Sigma Chemical Co. Luria broth base and NZY broth media were purchased from GIBCO-BRL, Gaithersburg, Md. Restriction endonucleases and the corresponding buffers were purchased from Promega, Madison, Wis., and were used in accordance with the manufacturer's specifications.
OMT purification and antibody preparation. The 40-kDa OMT was purified nearly to homogeneity from A. parasiticus SRRC 163 as described previously (22 Computer analysis of the sequence data. A search for sequences that may be homologous to the omt-J cDNA clone in the GenBank data base was carried out by using both nucleotide and deduced amino acid sequences, the Wisconsin Genetics Computer Group package, and the Atlas retrieval system.
Nucleotide sequence accession number. The cDNA nucleotide sequence data for the omt-1 gene described in this paper have been deposited in the GenBank data base under accession number L22091.
RESULTS
Screening of the cDNA library. A cDNA expression library prepared from poly(A)+ RNA isolated from a 24-h-old culture of A. parasiticus SRRC 143 was screened with antiserum prepared against partially purified OMT. A total of 25 positive clones were plaque purified. Further screening of the positive clones was performed by Southern blot analysis. Lambda DNA harboring the cDNA insert was isolated from these clones and subjected to EcoRI-XhoI double digestion to release the cDNA insert. Southern hybridization of the 25 purified positive clones with a [32P]dCTP-labelled cDNA insert from one of the clones showed that 11 clones hybridized to each other (data not shown). Selected clones were induced with IPTG to express the fusion protein, and five of these clones reacted with the OMT-specific antiserum (data not shown). Clone MT-Al, which exhibited the strongest immunoreactivity with the antibody, was selected for sequencing.
Nucleotide sequence of the cDNA clone. Both strands of the cDNA insert bordered by EcoRI and XhoI restriction sites were sequenced, and a full-length open reading frame was identified. The full-length nucleotide sequence of the EcoRIXhoI cDNA fragment from upstream base -11 to the poly(A) tail was 1,460 bp long and contained a 1,254-bp coding region (Fig. 2) . A restriction map of the cDNA clone of the omt-1 gene, shown schematically in Fig. 3 , was derived from the sequence and was confirmed by enzymatic analysis.
Amino acid sequence and comparison with the previously described N-terminal residues. The sequence of a 46-kDa polypeptide consisting of 418 amino acids was deduced from the 1,254-bp cDNA sequence (Fig. 2) . The amino acid sequence deduced from the cDNA was compared with the N-terminal region of the mature enzyme that had been directly sequenced (22) . Our results showed that the first 22 amino acids of the mature protein aligned with an internal region from residue 42 to residue 63 of the sequence deduced from the cloned cDNA. Within this region there were only three unmatched residues. The mismatches may have been the result of errors in our analysis of some residues during direct sequencing of the purified polypeptide. The presence of an additional 41 amino acid residues encoded by the 3566 YU ET AL.
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Nucleotide sequence and deduced amino acid sequence of the omt-1 cDNA clone in A. parasiticus. The full-length cDNA sequence of the omt-1 gene containing a coding region for OMT involved in the conversion of ST to OMST in A. parasiticus was determined, and the amino acid sequence was deduced. The numbers on the left refer to the positions of the nucleotides (top lines) and amino acid residues (bottom lines). The region of the directly sequenced 22 N-terminal amino acids of the purified mature protein is underlined, and the amino acids that matched the deduced amino acids are in boldface type. The stop codon is indicated by an asterisk.
cDNA in the N terminus and not in the mature enzyme implies that the native enzyme probably consists of a mature enzyme of 377 amino acids and a leader sequence of 41 amino acids. The calculated molecular mass of the mature enzyme without its leader sequence is 42 kDa, which is 4 kDa smaller than the molecular mass of the native enzyme. The molecular mass of the mature enzyme was reported previously (22) (Fig. 5) ; the gal-OMT-1 fusion protein consists of the 46-kDa native OMT-1 polypeptide and a part (5 kDa) of ,B-galactosidase from the N terminus encoded by the plasmid vector. About three-to fourfold more OMT-1 activity was detected under IPTG-induced conditions than under noninduced conditions, whereas no immunoreaction was detected in the phagemid vector control. Two protein bands were detected in the partially purified enzyme obtained from A.
parasiticus SRRC 143 mycelia (Fig. 5) approximately 42 kDa, the calculated molecular mass of the mature enzyme after processing. These two protein species detected by Western blotting may represent the two forms of OMT-1, the native form with its leader sequence unprocessed and the mature form. Because no processed mature form of OMT-1 was detected when the cDNA was expressed in E. coli (Fig. 5) , the 41-amino-acid leader sequence is probably removed by a fungal enzyme that may not be present in E. coli. Southern blot analysis of genomic DNA. Restriction enzyme HindIll-digested genomic DNA of A. parasiticus SRRC 143 was capillary blotted onto a GeneScreen Plus membrane and was probed with a [32P]dCTP-labelled omt-1 cDNA clone (1.16-kb EcoRI-EcoRI cDNA fragment from the 1.46-kb EcoRI-XhoI insert). An autoradiograph revealed a single band with a molecular size of 3 kb, indicating that there is only one copy of the omt-1 gene in the genome encoding OMT. Low-stringency hybridization and washing also gave the same result. This result is consistent with the results obtained with A. parasiticus genomic DNA cloned in lambda EMBL3, which demonstrated that there is a 3-kb HindIII fragment in all 10 clones purified (data not shown).
Time course of omt-1 expression. A Northern blot analysis of omt-I gene transcripts (Fig. 6 ) revealed a band which comigrated with the 1.52-kb band of the molecular weight standard, indicating that an approximately 1.5-kb transcript which specifically hybridized to the cDNA probe of the omt-J gene was present in 24-, 48-, 72-, and 96-h-old fungal cultures, whereas no omt-l-specific transcript was detected in an 18-h-old fungal culture. During fungal growth the levels of the omt-1 gene transcript increased from the 24-h-old culture to the 96-h-old culture. Transcripts were detected in total RNA isolated from A. parasiticus SRRC 143 mycelia grown in the medium which does not induce aflatoxin B1 production (glucose in A & M medium was replaced by an equal amount of peptone). No transcripts of the omt-1 gene were detected in mycelia grown in the peptone-containing medium (data not shown). The enhanced expression of the omt-1 gene correlated well with the increased rate of accumulation of aflatoxin in these cultures (Fig. 6) . Aflatoxin production was not detected in the 18-h-old cell culture (Fig.  6 ) and in the culture grown in peptone-containing medium (data not shown); a small amount of aflatoxin accumulation was detected in the 24-h-old culture, and aflatoxin accumulation increased dramatically after 24 h. The accumulation of the omt-1 gene transcripts observed in this study also correlated well with the presence of OMT activity in fungal cultures determined in a previous study (14) .
The antiserum raised against the partially purified enzyme recognized the native and mature enzyme forms purified from fungal mycelia and also the fusion OMT-1 protein expressed in E. coli in the Western blot analysis. More importantly, the product of the expressed cDNA clone of the omt-1 gene, the OMT-1 enzyme, exhibited substrate-specific catalytic activity in E. coli cell extracts as well. The transcripts of the omt-1 gene were detected in 24-, 48-, 72-, and 96-h-old A. parasiticus cultures by Northern blot analysis, and the accumulation of the transcripts paralleled OMT catalytic activity and aflatoxin production. Therefore, we concluded that we cloned the full-length cDNA sequence of the omt-1 gene encoding the 46-kDa OMT-1 enzyme for the conversion of ST to OMST and the conversion of DHST to DHOMST in A. parasiticus SRRC 143.
DISCUSSION
In this paper, we describe a cDNA clone of the omt-1 gene containing the full-length coding sequence for native 46-kDa OMT-1, an enzyme involved in the conversion of ST to OMST and the conversion of DHST to DHOMST in aflatoxin biosynthesis in A. parasiticus. The 46-kDa native form of OMT-1 expressed in E. coli exhibited a higher level of On the basis of our data, only one band (3 kb) in the genome and only one transcript (1.5 kb) were detected by Southern and Northern blot analyses. Therefore, it is likely that there is only one gene in the genome of A. parasiticus that encodes a 42-kDa OMT responsible for these reactions. The relationship between the 42-kDa smaller methyltransferase (21) and the 168-kDa larger methyltransferase (5, 8, 35 ) is still unclear. However, the 168-kDa enzyme could be a result of posttranslational modification and/or polymerization of 42-kDa enzyme subunits.
Recently, two genes potentially involved in the aflatoxin biosynthetic pathway have been cloned by fungal transformation and complementation of mutant strains of A. parasiticus (10, 30, 31 acknowledge the technical assistance of Chris Foell in the preparation of the cDNA library. We are grateful for the excellent secretarial help of Linda Deer.
